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Abstract 
 
Thermal energy storage (TES) is moving towards thermochemical materials (TCM) which 
present attractive advantages compared to sensible and phase change materials. Nevertheless, 
TCM are more complex to characterize at lab scale and also the implied technology, which 
belongs to the chemical engineering field, needs to be contextualized in the TES field. System 
configurations for thermochemical energy storage are being divided into open/closed storage 
system and separate/integrated reactor system. Reactors, which are the core of the system, are 
the focus of this paper. Different gas-solid thermochemical and sorption reactors for building 
applications are reviewed from lab to pilot plant scale, from 0.015 to 7850 dm3. Fixed bed 
reactors are the most used ones. Mainly, mass transfer is limiting to achieve the expected 
energy density. The geometry of the reactor and contact flow pattern between phases are key 
parameters for a better performance. 
 
Keywords: Thermal Energy Storage (TES); Thermochemical Material (TCM); Reactor; Energy density; 
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1. Introduction 
 
There is a global aim to reduce energy consumption since humans are using finite 
resources and contributing to environmental pollution. A part of becoming aware of this 
problem, engineers and scientists are focused on renewable energy sources and on 
improving energy efficiency of heating and cooling systems. Thermal energy storage 
(TES) is needed to capture thermal energy when available and to release it when 
demanded and for temperature control. Thermal storage applications have been 
proved to be efficient and financially viable, yet they have not been exploited 
sufficiently [1]. 
 
Regarding TES systems for building comfort applications, several big projects are 
being carried out, for instance Dronninglund Solar District Heating Plant in Denmark is 
now established. It consists of 37,000 m² collectors (26 MWth) and 60,000 m3 seasonal 
storage. In February 2014, the Dronninglund Solar District Heating Plant started 
operation serving the 1,400 connected customers. The collector field together with the 
seasonal storage covers around 50% of the total annual heat load [2]. Present heat 
production in kW and W/m2 is available in [3]. 
 
TES systems can be classified by the process undergone by the storage material: 
sensible, latent and thermochemical. Sensible storage is based on transferring heat to 
the material which leads to an increase of the material temperature itself. Latent 
storage implies storing heat when a phase change of the material (PCM) occurs. This 
last process usually carries also sensible heat storage, before and after the phase 
change process. Then, thermochemical storage is based on thermochemical materials 
(TCM) undergoing either a physical reversible process involving two substances or 
reversible chemical reactions (Eq.1). Endothermic processes absorb energy (heat), 
which can be stored as long as desired until the reverse (exothermic) process is forced. 
When the exothermic process takes place, the released heat can be then used for 
instance, for domestic hot water (DHW) and heating building applications. Since the 
storage is based on the molecular bonds formation, the energy is neither lost to the 
ambient nor transformed if the material is kept at certain conditions. This great 
advantage makes the TCM suitable for long-term storage, also known as seasonal 
storage, since heat from summer can be stored to provide heat at winter times. 
 
CBHeatA    Eq. 1 
 
TCM materials have other advantages when compared to sensible and phase change 
materials (PCM). TCM present higher energy densities [4], which lead to a lower 
volume of the storage tank, thus compact systems. On the other hand, corrosion of 
metals used to build up reactors containing TCM is one of the main drawbacks to 
overcome. From a material point of view mass transfer is a key issue when selecting 
the material. Salt hydrates (which are one big group of TCM) tend to form a compact 
block which is inhibiting the reversibility of the reaction. Furthermore, additional heat is 
needed to reach the discharging reaction temperature.  
 
Depending on the system configuration that is chosen to implement TCM for building 
applications (see section 2), the equipment is composed of the reactor, heat 
exchangers, vessels, evaporator/condenser, solar collectors, valves and piping. In 
order to design the main equipment, the reactor, several steps need to be followed. 
From the system design further research is still needed to resolve practical aspects 
before commercial implementation [5]. And focusing on the reactor, there is still a big 
field of research to promote mass and heat transfer playing with the inside geometry 
and/or reactor kind. The design and operation of reactors nowadays require computer 
skills, but such computation must be based on a firm grasp of the principles of chemical 
reaction engineering. First, reaction kinetics, thus reaction rate, is needed to be 
experimentally determined for the specific operating conditions [6]. Then, once the 
equation of reaction rate is experimentally obtained, mass and heat balances are 
formulated depending on the reactor type. All these equations gathered give variables 
profiles (concentration, pressure, temperatures, etc.), volume, and let do predictions for 
further cases as well as optimization.  
 
The main objective of this paper is to review the available equipment currently used for 
thermochemical energy storage, concerning all system configuration and especially 
gas-solid reactors for building comfort applications, providing obtained results, at lab 
and pilot plant scale. Furthermore, gas-solid chemical reactors already available in the 
literature and industry are exposed to be related with the developed ones for TES by 
TCM. 
 
2. Gas -Solid TCM reactors and system 
 
Different concepts and applications based on TCM have arisen to fulfil the global aim to 
reduce energy consumption and to efficiently use renewable energies or to use waste 
heat. Prototypes for both high temperature and building applications are being built up 
to test this concept. For instance, directly irradiated rotary kiln for high temperature 
reactions (around 900 ºC) has been set up and performed for thirty cycles with no 
evident degradation of the material [7].  
 
More effort is needed in the system design part regarding TCM reactors for building 
comfort. This application implies that a solar collector should be able to provide the 
charging reaction temperature (maximum 150 ºC) to the reactor containing the TCM. 
Also, a big challenge is that the volume of the final system should fit in a single family 
house and be cost competitive to the actual heating systems.  
 
As shown in Section 4.1, reactors can be classified by the present phases of the 
reactant materials. Here, the aim is to focus on gas-solid TCM (Eq.2) and building 
comfort applications (i.e. heating, cooling, and domestic hot water (DHW)), and being 
water the gas reactant (working fluid).  
 
Eq. 2 
 
In TCM TES field, the chemical reaction is used for the production of energy instead of 
a specific product. The operating principle is to charge (dehydrate) the solid TCM with 
solar heat from a solar collector. This endothermic reaction releases water vapour. The 
storage process is therefore based on maintaining separately released water from the 
dehydrated TCM. When combining again the dehydrated TCM and water vapour, heat 
is released and can be used for space heating and DHW.  
 
Despite the reactor is the core of the system, other essential concepts and components 
are needed to be considered for TES: the working fluid, a low heat source and an 
evaporator/condenser (depending on the system). 
 
The working fluid is usually water because of its high vaporization enthalpy, availability, 
non-toxicity and low price. Ammonia is also a candidate [8], but then another heat 
exchanger (ammonia/water or ammonia/air) is needed to provide the heating fluid to 
the building.  
 
2.1 TCM systems classification 
 
The existing thermochemical energy storage system configurations can be divided 
following an overall vision of the complete system. 
 
2.1.1 Separate or external vs. integrated reactor  
 
In the integrated reactor system, the absorption/release of energy (reaction) occurs 
within the storage vessel while the separate reactors concept consists in transporting 
the TCM from the storage vessel to the reactor and to another storage vessel, after 
reacting, as illustrated in Figure 1.  
 
The integrated concept requires no solid material transport, thus less pump power 
consumption (see Figure 2, left). Nevertheless, all the material, instead of a portion, 
needs to be preheated to reach the discharging temperature and the control of the 
reaction is more complex. In the separate reactor concept the material is transported 
between the reactor and the material storage vessel, therefore more vessels are 
needed (at least two more). The advantage of being in separate vessels is that the 
H(s) + Heat                 D(s) + H2O (v) 
reaction is reduced to only a small part of the total material amount [9], so the reactor 
volume is much smaller which leads to a lower pressure drop and less complex 
process control.  
 
 
Figure 1. External reactor with an open configuration. Where H: hydrate and D: dehydrate (Eq.2) 
 
Another possible classification would look at the type of reactor (see section 4.2): fixed 
bed reactor, moving bed, and fluidized bed. Specifically, in TCM, fixed bed is the most 
used one. 
 
Generally, fixed bed reactors are considered to be the most appropriate reactor 
configuration for hydration/dehydration reactions [10]. Since in fixed bed reactors heat 
and mass transfer are critical, Zondag et al. [11] suggest either to stir, to increase the 
active surface area in it, and/or to purge inert gases of the reactor. In moving bed 
reactors, there may be problems with the heat transfer within the reactor, but metal fins 
are suggested to enhance it [12].  
 
2.1.2 Open/closed storage systems 
 
The main difference between closed and open systems is the storage of the gas 
reactant (working fluid). Looking at Figure 2, right, in closed configurations, water 
circulates in a hermetically closed loop. In order not to store released water in vapour 
state (because of the high volume it would require), it is condensed until it is needed 
again. At that moment, the evaporator will return water in vapour state. Also, a water 
reservoir is needed. In open configurations, water is taken and released to the ambient 
air. 
 
A low heat source is needed to deliver energy required for water evaporation (Qevap 
Figure 2, right), for closed systems. This energy has to be either extremely low cost or 
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free, and additionally has to come from a heat source of at least ~5°C. Ground 
boreholes and solar collectors are the most used candidates to act as low heat source.  
Closed systems allow adjusting the operating pressure of the working fluid. In open 
systems, the working fluid should be a substance that can be released to the 
atmosphere, usually water [13]. Pressure is not a variable since these systems are 
working opened to the atmosphere and pressure is set to the atmospheric pressure. 
Moreover, weather conditions are limiting and an analysis should be carried out to 
define whether the ambient moisture is sufficient for a good discharging rate. 
Otherwise, an additional humidifier is required to make the air wet to react with the 
TCM. 
 
Closed systems are able to reach higher output temperatures for heating applications 
compared to open systems. Furthermore, they can supply lower temperatures for 
cooling [13].  
 
The geometrical parameters and the dynamical behaviour of the closed sorption 
systems are strongly related. The available temperature depends on the pressure of 
the sorbate and the driving force is limited by the external temperature ranges - the low 
temperature energy source - the mid temperature source/sink and the high temperature 
energy source, which is aimed to be a solar collector [14]. 
 
 
 
 
Figure 2. Open (left) vs. closed (right) systems with integrated reactor. 
 
Michel et al. [15] compare closed and open modes with the same TCM (SrBr2·1H2O/ 
SrBr2·6H2O) and simulation results show similar global performances, 0.96 and 1.13 
W/kg, respectively.  
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3. TCM materials/reactions 
 
3.1 Classification  
In the literature different attempts have been made to classify the studied storage 
materials, also known as thermochemical materials (TCM). Absorption, adsorption and 
chemical reactions are the thermochemical processes accepted.  
 
Absorption and adsorption can either be physical or chemical. As explained by 
Srivastava and Eames [16], adsorption is a surface phenomenon taking place at the 
interface of two phases, in which cohesive forces including hydrogen bonding and van 
der Waals forces act between the molecules of all substances. In this case, there is no 
change in the molecular configuration of the compound. 
 
On the other hand, in essence, absorption involves substances in one state being 
incorporated into the bulk volume of another substance in a different state, whereas 
adsorption involves substances being adhered to the surface of another substance. 
Sorption is a general term used to refer to both.  
 
Then, there are also the chemical reactions where molecular configurations change. 
Chemical energy consists of using a source of energy to excite a reversible chemical 
reaction, being exothermic in the discharge and endothermic in the charge. 
 
When looking at the literature information regarding the TCM classification is confusing 
and sometimes differs. Although the classification of the TCM is out of the scope of this 
paper a compilation of the studies published so far is presented next. From this 
information it is concluded that further studies should be performed in order to establish 
a clear classification of the TCM reactions. 
 
N’Tsoukpoe et al. [18] consider that sorption comprises physical and chemical, 
absorption and adsorption. Also, chemical solid/gas reactions are considered as 
chemisorption (chemical adsorption) as shown in Figure 3, where salt hydrates would 
belong to.  
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and salt bed permeability (see Table).  When adding a matrix, material properties, such 
as sorption equilibrium, energy density, porosity, etc. and compatibility of both TCM 
and matrix and container material shall be determined again in the specific operating 
conditions.   
 
In this review TCM concerns all chemical reversible processes (also composites) 
specifically, gas-solid ones for building applications and moreover, physisorption is 
considered. Chemical and physical absorption are out of the scope.  
 
3.2 TCM candidates for building applications 
 
Thermochemical material research encompasses several fields. One big field is 
materials research, which is focussing on material selection, enhancement and 
characterization. Regarding TCM building applications, main requirements are [22]:  
 high energy density  
 non-toxic  
 non-flammable 
 low cost  
 reachable temperature reaction by a solar collector  
 non-corrosive  
 stable after several hydration/dehydration reactions  
 
Some of the most attractive TCM under study for building applications are listed in 
Table 3 and in [23]. What makes them viable for building applications is that the 
reaction temperature is below 150 ºC (known as the maximum reachable temperature 
by a solar collector). When designing the system and selecting the TCM, there are 
important points to take into account: (1) Vacuum vs. atmospheric operation conditions 
since this is influencing reaction temperatures and is closely governed whether the 
system is designed to work in open or closed configuration (see Section 2.1.2). (2) 
Energy density, which is influenced by the sample scale (lab or reactor), the geometry 
of the reactor, the used technique to characterize it and also on the operating 
conditions such as evaporator and reactor temperatures (when working in close 
systems configurations). There is no standard procedure to determine their 
thermophysical properties, yet. 
 
Table 1. Theoretical and experimental energy density, reaction temperature and water vapour pressure of 
TCM 
Reaction (TCM) 
(solid ↔ solid + gas) 
Theoretical 
energy 
density 
(GJ/m3) 
Experimental 
energy 
density 
(GJ/m3) 
Reaction 
Temperature 
(charging/ 
discharging) 
(ºC) 
p(H2O) 
(mbar) 
Reference 
MgCl2·6H2O ↔  
MgCl2·H2O + 5H2O 
2.5 0.71 150/30-50 13 [22] 
MgCl2·4H2O ↔  
MgCl2·2H2O + 2H2O 
1.27 1.10 118/n.a. 13 [24] 
CaCl2·2H2O ↔ CaCl2 + 
2H2O 
1.1 n.a. 95 n.a. [22] 
CaCl2·2H2O ↔ 
CaCl2·H2O + H2O 
0.60 
0.72 
n.a. n.a./174 
95/35 
n.a. [25,19] 
Al2(SO4)3·6H2O ↔ 
Al2(SO4)3 + 6H2O 
1.9 n.a. 150 n.a. [22] 
MgSO4·6H2O ↔ 
MgSO4 ·H2O + 5H2O 
2.37 1.83 72/n.a. 13 [24] 
MgSO4·7H2O ↔ 
MgSO4·H2O + 6H2O 
2.3 
 
n.a. 150/105 
 
n.a. [25]  
MgSO4·7H2O ↔ 
MgSO4 + 7H2O 
1.5 n.a. 122-150/122 n.a. [19] 
CaSO4·2H2O ↔ 
CaSO4 + 2H2O 
1.4 n.a. n.a./89 n.a. [25,18] 
Na2S·5H2O↔ 
Na2S·1/2H2O+ 9/2H2O 
2.7 n.a. 80/65 13 [26] 
Zeolites 4A n.a. 0.58 130/65 n.a. [19] 
SrBr2·6H2O ↔ 
SrBr2·H2O + 5H2O 
2.3  2.08 n.a. /23.5 20 [21] 
SrBr2·6H2O↔SrBr2·H2
O + 5H2O and 
vermiculite 
n.a. 1.83 n.a. /22.3 10 [21] 
Li2SO4·H2O/Li2SO4 + 
H2O 
0.92 0.80 103/n.a. 13 [27] 
CuSO4·5H2O↔CuSO4·
H2O + 4H2O 
2.07 1.85 92/n.a. 13 [27] 
 
 
 
3.2 Characterization 
For the further design of the TCM reactor and the corresponding system, several 
properties of these materials need to be known. An accurate characterization of the 
material is essential to develop and model the suitable reactor that will contain the 
TCM.  
 
Researchers working on TCM characterization and selection are mainly using two 
coupled thermal analysis techniques: thermogravimetric analysis and differential 
scanning calorimetry (TGA-DSC) as listed in Table 2. These techniques are also used 
in other fields and in the same field, TES, for sensible and PCM characterization [28]. 
With these techniques dehydration steps, energy released, associated temperatures, 
specific heat, phase diagrams and in some cases stability, can be evaluated. 
Furthermore, X-ray crystallography (XRD) provides information about the crystalline 
structure of the material, thus the hydrate state of the TCM. By means of scanning 
electron microscopy (SEM), the surface of the TCM grains before and after hydration 
can be observed and this information is useful to see how kinetics is governed by, and 
if there is degradation. A published study [29] shows how thermodynamic and kinetic 
properties of TCM are directly related to the structural and textural modifications when 
hydration/dehydration takes place. 
 
Some of the analysed TCM by TGA-DSC techniques are shown in Table 2 with the 
applied methodology and obtained results. In [23] results from hydration experiments 
show big differences in heat released as a function of the sample thickness (since it 
influences in gas diffusion). Also, hydration has been performed at 25 ºC, but when 
performing at 50 ºC magnesium sulphate was unable to uptake water. Therefore, in the 
same study the authors present a self-developed setup, a reactor and evaporator, to 
characterize the TCM (see Section 4.2). Also, in [30] they present how the conversion 
is influenced by applying different heating rates of the TGA-DSC. Composites based of 
mainly an adsorbent and a salt hydrate or a mixture of salts is also being characterized 
by TGA-DSC technique. For instance, in [31] characterization of four different zeolites 
impregnated with magnesium sulphate are performed.  Zeolites Na–Y and H–Y 
composites containing 15wt% MgSO4 achieved the highest heats of hydration, 1090 
and 867J/g respectively. Then, a complete study looking for the characterization of a 
composite based on attapulgite impregnated with different weight percentages of two 
TCM is presented in [32]. Usually, all these studies also present results with the 
abovementioned techniques. 
 
Thermophysical properties such as energy storage, hydration/dehydration 
temperatures, density, specific heat, thermal conductivity, chemical and physical 
stability over hydration/dehydration cycles, kinetic data and phase diagrams are 
needed first for a material selection and all of them, except density and thermal 
conductivity, can be determined by combining TGA-DSC and XRD techniques,. From 
the literature it has been seen that these techniques offer some limitations when 
working with TCM and that other processes as mass transfer are influencing results. 
Therefore, when a complete information is required such as the influence of operating 
conditions on kinetic rate or on energy storage, other parameters as permeability, 
particles size, the effect of adding a gas diffuser, etc. and another setup such as a 
laboratory reactor (in the order of few kilograms), is necessary. 
 
Table 2. TCM thermal analysis technique, applied methodology and obtained results of some 
characterized TCM 
TCM analysed Techniq
ue 
Methodology (heating rate, 
sample mass, pressure,  T) 
Results Refer
ence 
Hydration Dehydratio
n 
Hydration Dehydration 
MgSO4·7H2O /MgSO4 TGA-
DSC 
Ms:5-50 mg 
pH2O= 2.3 kPa  
T=25 ºC 
 
 
Ms:10-50 
mg 
Trange:25-
300 ºC 
Heating 
rate: 1 
ºC/min 
1.8 
GJ/m3  
2.2 GJ/m3  [22] 
Ca(OH)2/CaO TGA-
DSC 
Ms:10 mg 
T=30 ºC 
pH2O=19 hPa 
Ms:10 mg 
Heating 
rate: 5 
ºC/min 
N2 
atmosphere 
 
1823 J/g 1209 J/g [30] 
CaCl2·6H2O/CaCl2 TGA-
DSC 
Ms:10 mg 
T=30 ºC 
pH2O=19 hPa 
Ms:10 mg 
Heating 
rate: 4 
ºC/min 
N2 
atmosphere 
2629 J/g 1153 J/g [30] 
MgCl2·6H2O/MgCl2·2H
2O 
TGA-
DSC 
Ms:10 mg 
T=30 ºC 
pH2O=19 hPa 
Ms:10 mg 
Heating 
rate: 5 
ºC/min 
1551 J/g 1344 J/g [30] 
N2 
atmosphere 
Zeolites Na-Y + 15 
wt% MgSO4 
TGA-
DSC 
T=20 ºC 
pH2O=1.3 kPa 
Trange:20-
150 ºC 
Heating 
rate: 2 
ºC/min 
Helium 
atmosphere 
1090 J/g n.a. [31] 
Attapulgite 
impregnated 20 wt% 
MgSO4/80 wt% MgCl2 
Calorim
eter 
Ms: 0.75 g 
T= 30 ºC 
85% RH 
- 1590 J/g - [32] 
Li2SO4·H2O/Li2SO4 TGA-
DSC 
Ms:10 mg 
T= 25 ºC 
pH2O=13 mbar 
Ms:10 mg 
Trange: 25-
150 ºC 
Heating 
rate: 1 
ºC/min 
0.77 
GJ/m3 
0.82 GJ/m3 [27] 
CuSO4·5H2O/CuSO4 TGA-
DSC 
Ms:10 mg 
T= 25 ºC 
pH2O=13 mbar 
Ms:10 mg 
Trange: 25-
150 ºC 
Heating 
rate: 1 
ºC/min 
1.84 
GJ/m3 
1.85 GJ/m3 [27] 
Ms: sample mass. RH: relative humidity 
 
4. Chemical reactors  
 
When designing a chemical reactor several requirements should be taken into account, 
mainly: the kinetics of the reaction, mass transfer, heat transfer, safety factors, and 
economic factors which in many cases the operating expenses may determine the 
choice of the reactor type and the design method, since operating costs are related to 
energy input (heating, cooling, pumping, agitation, etc.), energy removal, raw material 
costs, labour, etc.  
 
A general procedure for reactor design is outlined below [33]: 
1. Kinetic and thermodynamic data on the desired reaction is initially collected. 
These data may be obtained from either laboratory or pilot plant studies. 
2. Data on physical properties are required for the design. This may be either 
estimated or collected from the literature or obtained by laboratory 
measurements. 
3. The rate controlling mechanism which has a predominant role is then identified, 
for example, kinetic, mass or heat transfer. 
4. A suitable reactor type is then chosen, based on experience with similar studies 
or from the laboratory and pilot plan work. 
5. Selection of optimal reaction conditions is initially made in order to obtain the 
desired yield. 
6. The size of the reactor is decided and its performance estimated. Since exact 
analytical solutions of the design relationship are rarely possible, semiempirical 
methods based on the analysis of idealized reactors are used. 
7. Materials for the construction of the reactor are selected. 
8. A preliminary mechanical design for the reactor including the vessel design, 
heat transfer surfaces, ... is made. 
9. The design is optimized and validated. 
10. An approximate cost of the proposed and validated design is then calculated. 
 
4.1 Chemical reactors classification 
 
The main objective when designing a chemical reactor is to know which volume, type, 
as well as operating mode are the appropriate for a specific purpose. Within chemical 
reactors, different criteria can be proposed for classification [34]: 
 Number and nature of phases present 
o Single phase 
o Multiple phase or heterogeneous 
 The operating mode of the reactor 
o Continuous 
o Semi-batch 
o Batch  
 Circulation of phases 
o Countercurrent 
o Concurrent 
o Crosscurrent  
 Heat transfer 
o Isothermal 
o Adiabatic 
 
Single phase reactors are the ones that contain one visible phase, usually fluid (liquid 
or gaseous). Heterogeneous reactions involve a combination of two or more different 
phases (G/L/S) or two immiscible fluids (L/L).  
 
Continuous, batch, and semi-batch are considered depending on the operating mode. 
In general, batch reactors operate in non-steady state conditions while continuous are 
designed for steady state conditions, tubular and stirred tank.  
 
In heterogeneous reactions, each phase can work in one mode, e.g. fixed bed. 
Possible combinations are: liquid-liquid, gas-solid, liquid-solid, and gas-liquid-solid. 
When possible it is suggested to analyse the reactors as closer as possible to the ideal 
reactors. From now on, gas-solid reactors are of interest of this paper, since these are 
the most of the reactions occurring in TCM for building applications. 
 
4.2 Non-catalytic gas-solid reactors 
 
Unlike homogeneous, to deal with heterogeneous reactions there are important 
requirements to take into account: the modification of kinetic equations due to mass 
transfer between phases, and the contacting patterns for a two-phase system [35]. 
 
Depending on the flow pattern, three main gas-solid technologies are available [34]: 
 Fixed bed reactor (also called packed bed): solid particles are arranged in a 
vessel with the flux of reactants passing through the stationary bed. Heat 
transfer rates in large diameter packed beds are poor and where high heat 
transfer rates are required fluidized beds should be considered [36]. 
 Moving bed: the bed can be removed either continuously or periodically in 
portions. Fluid circulation is similar to that in a fixed bed. 
 Fluidized bed: the solid is present in the form of fine particles that are 
maintained in suspension by the upward flow of fluid. 
 
Fixed and fluidized bed are close linked since the base from a fluidized bed is a fixed 
bed, but with the increase of the fluid velocity until the solid particles are suspended but 
it is not large enough to carry them out of the vessel. A comparison between these 
three gas-solid reactors is summarized in Table 3. 
 
Here, the aim is to focus on gas-solid reactors, being the solid a non-catalyst, thus 
taking part of the reaction. Three factors control the design of a fluid-solid reactor; the 
reaction kinetics for single particles, the size distribution of solids being treated, and the 
flow patterns of solids and fluid in the reactor. There is a wide choice of contacting 
methods and equipment for gas-solid non-catalytic reactions. The solution finally 
adopted may depend very much on the physical condition of the reactants and 
products. A part of the above mentioned reactors, other types have been developed as 
rotary reactors [0]. Some of the available reactors for gas-solid reactions are shown in 
Figure 4.  
 
Table 3. Comparison of G-S reactors 
Reactor Advantages Disadvantages Reference 
Fixed/Packed 
Bed 
Easier for 
modelling 
Low heat and 
mass transfer 
High pressure 
drop 
[36,10] 
Moving Bed Direct heat 
transfer 
between solids 
and the gas 
Complex 
hydrodynamics 
[12] 
Fluidized Bed Minimization of 
the risk of 
hotspots and 
thermal 
instability. 
Heat transfer 
coefficients are 
high 
Complex 
reactor 
hydrodynamics 
and modelling. 
Erosion of 
internal 
components 
[34] 
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Regarding Table 4 first prototypes for building comfort applications were more focused 
on physisoprtion, mostly zeolites and silica gel, and from 2008 on, salt hydrates and 
composites based on salt hydrates are preferred.  
 
  
Table 4. Summary of the reviewed solid-gas thermochemical and sorption storage systems; reactors specifications and main outputs 
 Monosorp 
U. 
Stuttgart  
2004 
Modestore 
AEE 
INTEC 
2006 
Zondag 
2008 
PROMES  
2008 
ECN  
2009  
U. Stuttgart 
2011 
PROMES 
U. Perpignan  
2012 
Fraunhofer 
IGB 
ZeoSys 
GmbH  
2012 
PROMES 
U. Perpignan  
2012 
TNO 
2012 
ECN  
2013 
Applications  Space 
heating 
Space 
heating 
- Heating 
and cooling 
Properties 
characterization 
Heating  Mass and heat 
transfer 
characterization/ 
House heating  
Heating  Solar air 
conditioning 
- Heating  
TCM Zeolite 4A 
/Water 
Silica gel / 
water 
 
Zeolites 
(Köstrolith 
beads) 
/Water 
SrBr
2
 + 
ENG 
/Water 
MgCl
2
 
CaCl
2
 
AlSO
4
 
MgSO
4  
/Water 
Zeolites and 
Salt 
impregnated 
zeolites (9 
%wt MgSO
4
 
and 1%wt 
LiCl) /Water 
SBr2·6H2O 
/Water 
Zeolites and 
composites 
(attalpugite 
and poolkohl 
+ 30 % CaCl
2
) 
/Water 
BaCl
2 
+ ENG 
/Ammonia 
Zeolites/W
ater 
MgCl
2
 
/Water 
Reactor   n.a. n.a. Fixed bed 
or Stirred 
- Fixed bed  Moving or 
fixed bed  
Fixed bed - - - Fixed bed  
Volume (L) 7850 350  
(400 kg 
Silica, 30 
kg water) 
0.015 1000  0.015  64  0.015 1.5, 15 and 
750  
19 tubes of 
140 kg of 
anhydrous 
BaCl
2
 and 35 
kg of ENG  
- 17  
Water vapour 
pressure (mbar) 
- - - 10/60 2.8 1/20 10/18 12/42 - - 12 
  
TCM system 
configuration  
Open and 
integrated 
Closed 
and 
integrated  
Closed 
and 
Integrated 
Closed and 
integrated  
Closed and 
Integrated  
Open and 
separated  
Open and 
integrated 
Closed and 
integrated  
Closed and 
integrated  
Closed and 
integrated 
Open and 
integrated  
Conclusions  12 kWh 
measured 
storage 
capacity 
Low 
storage  
energy 
density 13 
kWh for 
heat 
Heat 
transfer 
inside the 
reactor is 
improved 
when 
stirring 
Stores 60 
kW h and 
40, for 
heating and 
cooling 
respectively 
Higher 
temperature lifts 
are achieved by 
chlorides. 
MgCl
2
 is 
recommended  
Simulation  
results show 
constant 
power of 400 
W 
Energy 
densities of 
about 430-460 
kWh/m3  
Specific Heat 
storage 
capacity ~ 200 
Wh/kg. 
Scaling effects 
were 
observed  
Daily cooling 
productivity at 
4 ºC of about 
0.8-1.2 kWh of 
cold per m
2
 of 
flat plate solar 
collector 
Output 
power of 
about 0.6 
kW/kg of 
active 
material  
Effective 
energy 
storage 
density of 
0.5 GJ/m
3 
 
Reference 14 14 11 41 22 9, 42  21 43 8 44 45 
Where n.a. stands for not available
  
4. Modelling 
 
Lots of efforts are focusing on simulating thermochemical energy storage overall 
systems and/or reactors. It is complicated to simulate these systems, especially when 
storage needs to be included. 
 
An agitated fluidised bed thermochemical reactor system was investigated by Darkwa 
et al. [48]. The model results showed considerable enhanced adsorption capacities and 
heat transfer rates. However, in order to promote effective exothermic reaction and 
heat transfer it is suggested to optimise the thermophysical parameters that affect the 
minimum fluidising velocity (umf) in the adsorption column.  
 
In [49] it is found that the temperature rise in an open fixed bed system is limited due to 
the limited thermal mass of air. Furthermore, it is found that reasonable solar fractions 
can be achieved for the specific system dimensions that are mentioned in the paper. 
However, the system efficiency is rather low, in the order of 20%. Optimization of the 
system efficiency can be achieved by control strategy and looking to pressure drop is 
of importance for the overall coefficient of performance (COP) of the system.  
 
In [21] how a solid/gas reaction, of a seasonal thermochemical storage process, in a 
fixed bed performs is shown. The model is based on the assumption of a sharp 
reaction front moving through the bed during the reaction, and, separating the reacted 
and unreacted parts of the bed. The comparison between the model and experimental 
results validates the sharp reaction front model. It demonstrates that this tool is simple 
and very efficient to predict the transformation of high density porous reactive beds, as 
long as the assumption of unidirectional mass transfer is respected. 
 
An open and integrated reactor based on SrBr2 was modelled focusing on the 
hydration reaction, which is more problematic [50]. Parametric studies are carried out 
to evaluate the influence of some parameters on the performance of different system 
configuration, pointing out external conditions, components performances and salt 
characteristics influence on the COP and productivity rate.  
 
Balasubramanian et al. [51] developed a mathematical model when charging for salt 
hydrates. Results show that the process performance is improved by introducing a 
smaller heat flux and considering materials that have larger thermal conductivities, 
higher specific heat capacities, and lower thermochemical desorption rates. 
  
 
Energy and exergy analyses of a closed thermochemical system are performed in [52]. 
General efficiency expressions are determined for the three involved processes: 
charging, storage, and discharging, as well as for the overall system. 
 
A method combining constructal approach and exergy analysis is presented in [53], to 
optimize (shape) a gas/solid high temperature thermochemical reactor. There storage 
time is also taken into account, and expressed according to the design parameters. 
 
Pal et al [54] present a material-independent model that can be used to simulate an 
open flow adsorption and desorption process. 
 
5. Conclusions 
 
TGA-DSC coupled lab techniques are being used to characterize TCM. This way could 
be useful for a first material selection or screening. However, to properly characterize 
TCM and for the further reactor design, TCM should be characterized in a lab scale 
reactor.  
 
Most of the prototypes nowadays being tested do not achieve the expected storage 
capacity. In addition all of the storage systems have irreversibility in the process 
themselves during charge and discharge resulting in lower store efficiencies. From the 
material side, mass transfer is limiting due to compaction of salt hydrates and thus the 
impediment of water vapour diffusion. One of the possible solutions is to add a matrix 
material (inert or adsorbent), but it is not always an improvement since sometimes 
leads to a decrease in kinetics. 
 
Furthermore, experimental kinetic data, modelling (coupling kinetic, heat and mass 
transfer equations) and validation (lab scale, pilot plant scale) are essential steps to 
make TCM technologies available and market competitive. 
 
From the literature review, first prototypes for building comfort applications were more 
focused on physisorption, mostly zeolites and silica gel, and from 2008 on, salt 
hydrates and composites based on salt hydrates are preferred.  
 
Several prototypes are being designed and tested. Most of the experimentally tested 
prototypes are still at lab scale, despite some of them are currently being tested at real 
  
houses. Within the TCM reactor configurations, fixed bed is the most common. Open 
and closed, integrated and non-integrated systems configurations have been tested. 
Prototypes volume values vary from 0.015 to 785 dm3. Nevertheless, chemical 
engineering fundamentals bank on fluidized beds, moving beds or rotary kiln reactors 
to enhance heat transfer. 
 
A part of the gas-solid reactor choice, several modifications can be made always 
looking for promoting mass and heat transfer; for instance increase the contact surface 
area between solid and gas or add gas diffusers. 
 
It is always a compromise; there is not the unique and best solution.  
 
Acknowledgements 
 
Aran Solé would like to thank the Departament d'Universitats, Recerca i Societat de la 
Informació de la Generalitat de Catalunya for her research fellowship. The authors 
would like to thank the Catalan Government for the quality accreditation given to the 
research group GREA (2014 SGR 123). The work is partially funded by the Spanish 
government (ENE2011-22722). The research leading to these results has received 
funding from the European Union's Seventh Framework Programme (FP7/2007-2013) 
under grant agreement n° PIRSES-GA-2013-610692 (INNOSTORAGE). 
 
References 
 
[1] H. Ö. Paksoy, Thermal energy storage for sustainable energy consumption. 
Fundamentals, case studies and design, Springer, Dordrecht, 2007. 
[2] http://www.iea-shc.org/article?NewsID=55 (last access on 14/10/14) 
[3] http://www.solvarmedata.dk/index.asp?secid=228 (last access on 14/10/14) 
[4] Y. Ding, S.B. Riffat, Thermochemical energy storage technologies for building 
applications: a state-of-the-art review, International Journal of Low-Carbon 
Technologies 8 (2013) 106–116. 
[5] International Energy Agency (IEA). Compact Thermal Energy Storage: Material 
Development and System Integration. Annex text (draft), Task 42, Annex 28, Solar 
Heating and Cooling Programme, 2008. 
[6] A. Solé, X. Fontanet, C. Barreneche, A. I. Fernández, I. Martorell, L. F. Cabeza, 
Requirements to consider when choosing a thermochemical material for solar energy 
storage, Sol. Energy 97 (2013) 398-404. 
  
[7] M. Neises, S. Tescari, L. de Oliveira, M. Roeb, C. Sattler, B. Wong, Solar-heated 
rotary kiln for thermochemical energy storage, Sol. Energy 86,10, (2012) 3040-3048. 
[8] D. Stitou, N. Mazet, S. Mauran, Experimental investigation of a solid/gas 
thermochemical storage process for solar air-conditioning, Energy 41 (2012) 261-270. 
[9] B. Mette, H. Kreskes, H. Drück, Process and reactor design for thermo-chemical 
energy stores. ISES Solar World Congress 2011, 28 August-2 September 2011, 
Kassel, Germany. 
[10] Y. Álvarez, Almacenamiento de energía mediante ciclos termoquímicos en lecho 
fluido circulante, Project Master Thesis (TFM), Universidad de Oviedo, 2013. 
[11] H. Zondag, M. van Essen, L. Bleijendaal, J. Cot, R. Schuitema, W. van Helden, W. 
Planje, T. Epema, H. Oversloot, Comparison of reactor concepts for thermochemical 
storage of solar heat. IRES conference 2008, Berlin, Germany, 24-25 November 2008. 
[12] M. E. Perez-Davis, F. Difilippo, Energy storage for a lunar base by the reversible 
reaction CaO+H2O-Ca(OH)2, Nasa Technical Memorandum 103145, 1990. 
[13] A. Hauer, Sorption theory for thermal energy storage, in: H.Ö. Paksoy (Ed.), 
Thermal Energy Storage for Sustainable Energy Consumption, Springer, Dordrecht, 
2007, pp. 393-408.  
[14] C. Bales, Laboratory Tests of Chemical Reactions and Prototype Sorption Storage 
Units: A Report of IEA Solar Heating and Cooling programme - Task 32 Advanced 
storage concepts for solar and low energy buildings. January 2008 
[15] B. Michel, P. Neveu, N. Mazet, Comparison of closed and open thermochemical 
processes for long-term thermal energy storage applications, Energy 72 (2014) 702-
716. 
[16] N.C. Srivastava, I.W. Eames, A review of adsorbents and adsorbates in solid- 
vapor adsorption heat pump systems. Appl. Therm. Eng. 18 (1998) 707–14. 
[17] K. E. N’Tsoukpoe, H. Liu, N. Le Pierrès, L. Luo, A review on long-term sorption 
solar energy storage, Renew. Sust. Energ. Rev. 13 (2009) 2385-2396. 
[18] A. H. Abedin and M. A. Rosen, A critical review of thermochemical energy storage 
systems, The open renewable energy journal 4 (2011) 42-46. 
[19] P. Tatsidjodoung, N. Le Pierrès, L. Luo, A review of potential materials for thermal 
energy storage in building applications, Renew. Sust. Energ. Rev. 18 (2013) 327-349. 
[20] J. Xu, R.Z. Wang, Y. Li, A review of available technologies for seasonal thermal 
energy storage, Sol. Energy 103 (2014) 610-638. 
[21] B. Michel, N. Mazet, S. Mauran, D. Stitou, J. Xu, Thermochemical process for 
seasonal storage of solar energy: Characterization and modeling of a high density 
reactive bed, Energy 47 (2012) 553-563. 
  
[22] V.M. van Essen, J. C. Gores, L.P.J. Bleijendaal, H.A. Zondag, R. Schuitema, M. 
Bakker, W.G.J. van Helden, Characterization of salt hydrates for compact seasonal 
thermochemical storage. 3rd International Conference of Energy Sustainability 2009, 
San Francisco (USA), 19-23 July 2009.  
[23] K. E. N’Tsoukpoe, T. Schmidt, H.U. Rammelberg, B.A. Watts, W. K.L. Ruck, A 
systematic multi-step screening of numerous salt hydrates for low temperature 
thermochemical energy storage, Appl. Energ. 121 (2014) 1-16. 
[24] C. Ferchaud, H. Zondag, R. de Boer, C. Rindt, Characterization of the sorption 
process in thermochemical materials for seasonal solar heat storage application. The 
12th International Conference on Energy Storage, Innostock 2012. May 2012, Lleida, 
Spain.  
[25] I.M. van de Voort, Characterization of a thermochemical storage material, TU/e 
Master Thesis, Eindhoven University of Technology, 2007. 
[26] A-J. de Jong, F. Trausel, C. Finck, L. van Vliet, R. Cuypers, Thermochemical heat 
storage – system design issues. SHC 2013, International Conference on Solar Heating 
and Cooling for Buildings and Industry. September 23-25, 2013, Freiburg, Germany.  
[27] C.J. Ferchaud,  H.A. Zondag,  R. de Boer, Material Research on Salt Hydrates for 
Seasonal Heat Storage Application in a Residential Environment Presented at: 
International Symposium on Innovative Materials for Processes in Energy Systems 
2013, Fukuoka, Japan, 4-6 september 2013. 
[28] A. Solé, L. Miró, C. Barreneche, I. Martorell, L. F. Cabeza, Review of the T-history 
method to determine thermophysical properties of phase change materials (PCM), 
Renew. Sust. Energ. Rev. 23 (2013) 425-436. 
[29] C.J. Ferchaud, H.A. Zondag, J.B.J. Veldhuis, R. de Boer, Study if the reversible 
water vapour sorption process of MgSO4·7H2O and MgCl2·6H2O under the conditions 
of seasonal solar heat storage. 6th European Thermal Science Conference (Eurotherm 
2012) Journal of Physics: Conference Series 395 (2012) 012069. 
[30] H. U. Rammelberg, T. Schmidt, W. Ruck, Hydration and dehydration of salt 
hydrates and hydroxides for thermal energy storage – kinetics and energy release. 
SHC2012. Energy Procedia 30 (2012) 362-369. 
[31] G. Whiting, D. Grondin, S. Bennici, A. Auroux, Heats of water sorption studies on 
zeolite-MgSO4 composites as potential thermochemical heat storage materials, Sol. 
Energ. Mat. Sol. C. 112 (2013) 112-119. 
[32] K. Posern and Ch. Kaps, Calorimetric studies of thermochemical heat storage 
materials based on mixtures of MgSO4 and MgCl2, Thermochim. Acta, 502 (2010) 73-
76.  
  
[33] S. Nanda, Pharmaceutical Engineering, Reactors and fundamentals of reactors 
design for chemical reaction, M.D. University, Rohtak, Haryana, 2008. 
[34] P. Trambouze, J-P Euzen, Chemical reactors. From design to operation, Technip, 
Paris, 2004. 
[35] O. Levenspiel, Chemical reaction engineering, John Wiley & Sons Inc. 3rd ed. 
USA, 1999. 
[36] J.M. Coulson, J. F. Richardson, R. K. Sinnot, Chemical Engineering. Volume 6: 
Design, Pergamon Press, Great Britain, 1983. 
[37] D. Kunii, T. Chisaki, O. Levenspiel, Novel rotary gas/solid contactor, Powder 
Technology 96 (1998) 1-5. 
[38] J.M. Coulson, J. F. Richardson, D. G. Peacock, Chemical Engineering. Volume 3: 
Chemical reactor design, biochemical reaction engineering including computational 
techniques and control, second ed., Pergamon Press, Great Britain, 1979. 
[39] H.A. Zondag, V.M. van Essen, R. Schuitema, L.P.J. Bleijendaal, A. Kalbasenka, 
W.G.J. van Helden, M. Bakker, Engineering assessment of reactor designs for 
thermochemical storage of solar heat. Effstock 2009 - Thermal Energy Storage for 
Energy Efficiency and Sustainability, Stockholm, Sweden, 14-17 June 2009. 
[40] http://archive.iea-shc.org/publications/task.aspx?Task=32 (last access on 
14/10/14) 
[41] S. Mauran, H. Lahmidi, V. Goetz, Solar heating and cooling by a thermochemical 
process. First experiments of a prototype storing 60 kWh by a solid/gas reaction, Sol. 
Energy 82 (2008) 623-636. 
[42] H. Kerkes, B. Mette, F. Bertsch, S. Asenbeck, H. Drück, Development of a thermo-
chemical energy storage for solar thermal applications. ISES Solar World Congress 
2011, 28 August-2 September 2011, Kassel, Germany. 
[43] A. Lass-Seyoum, M. Blicker, D. Borozdenko, T. Friedrich, T. Langhof, Transfer of 
laboratory results on closed sorption thermochemical energy storage to a large-scale 
technical system, Energy Procedia 30 (2012) 310-320. SHC2012. 
[44] R. Cuypers, N. Maraz, J. Eversdijk, C. Finck, E. Henquet, H. Oversloot, H. van’t 
Spijker, A. de Geus, Development of a seasonal thermochemical storage system, 
Energy Procedia 30 (2012) 207-214. SHC2012.  
[45] H. Zondag, B. Kikkert, S. Smeding, R de Boer, M. Bakker, Prototype 
thermochemical heat storage with open reactor system, Appl. Energ. 109 (2013) 360-
365.  
[46] http://www.sotherco.eu (last access on 14/10/14) 
[47] http://www.merits.eu/ (last access on 14/10/14) 
  
[48] K. Darkwa, A. Ianakiev, P.W. O’Callaghan, Modelling and simulation of adsorption 
process in a fluidised bed thermochemical energy reactor, Appl. Therm. Eng. 26 (2006) 
838-845. 
[49] T. van Beek, C. Rindt, H. Zondag, Performance analysis of an atmospheric packed 
bed thermo-hemical heat storage system. The 12th International Conference on 
Energy Storage, Innostock 2012, Lleida, Spain, 2012 
[50] G. Tanguy, F. Marias, S. Rouge, J. Wyttenbach, P. Papillon, Parametric studies of 
thermochemical processes for seasonal storage, Energy Procedia 30 (2012) 388-394. 
SHC2012. 
[51] G. Balasubramanian, M. Ghommem, M. R. Hajj, W. P. Wong, J. A. Tomlin, I. K. 
Puri, Modeling of thermochemical energy storage by salt hydrates, Int. J. Heat Mass 
Tran. 53 (2010) 5700-5706. 
[52] A. H. Abedin and M. A. Rosen, Assessment of a closed thermochemical energy 
storage using energy and exergy methods, Appl. Energ. 93 (2012) 18-23. 
[53] P. Neveu, S. Tescari, D. Aussel, N. Mazet, Combined constructal and exergy 
optimitzation of thermochemical reactor for high temperature heat storage, Energ. 
Convers. Manage. 71 (2013) 186-198. 
[54] S. Pal, M. R. Hajj, W. P. Wong, I. K. Puri, Thermal energy storage in porous 
materials with adsorption and desorption of moisture, Int. J. Heat Mass Tran. 69 (2014) 
285-292. 
 
 
